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The understanding of lubrication state on sliding parts of swash plate type compressors is of paramount importance 
for their reliability.  The authors attempted to quantify the thickness of oil film forming in the contact zone between 
the swash plate and the shoe.  The thickness of oil film between the swash plate and the shoe was determined by the 
oil film thickness distribution and the absolute value of the average oil film thickness.  Specifically, the distribution 
of the oil film thickness was determined by observing interference fringes of the reflected light.  The absolute value 
of the average oil film thickness was determined by measuring the electric resistance between the shoe and the 
swash plate.  Obtained results showed that the oil film breakage did not occur from normal operation conditions to 




The lubrication of a compressor for a car air conditioner is accomplished by circulating oil together with refrigerant 
within a cycle.  As this requires the provision of the intermittent return of oil to the compressor by interruptedly 
switching a magnet clutch and a variation of speed, the understanding of the state of lubrication of sliding 
components in the compressor is important for a raise of the reliability.  However, observations of the state of the oil 
film formation, which determines the state of lubrication between a swash plate and a shoe during a refrigeration 
cycle, have not been reported. 
 
Therefore, the authors made an attempt to observe the state of oil film formation between a swash plate and a shoe 
sliding at a high speed in a compressor, a swash plate type compressor being used for the purpose.  Besides, the 
authors tried to quantify the thickness of oil films and the coefficient of friction between a swash plate and a shoe for 





Figure 1: Swash plate type compressor 
                for car air conditioning 
Piston 






Figure 2: Swash plate and shoe
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2. SWASH PLATE TYPE COMPRESSOR AND SLIDING PARTS 
 
A schematic diagram of a swash plate type compressor for a car air conditioner used in the present study is shown in 
Figure 1.  The swash plate and the shoe are shown in Figure 2. in enlargement.  The swash plate is made of 
aluminum alloy and the shoe is made of bearing steel.  The central part of the shoe is provided with a slight 
protrusion. 
 
The diameter of the zone of contact between the swash plate and the shoe is 11mm, the clearance is about 40µm and 
the surface is polished to the mirror-like level.  The normal pressure on the contact zone developing during the 
compression is 17 MPa maximum under pressure conditions (discharge pressure 3.0 MPa and suction pressure 0.4 
MPa) assumed at a high thermal load, for example, during the summertime.  The speed of sliding at the maximal 
number of revolutions of the compressor 9000 rpm is 30 m/s maximum.  As the compressor operates under high 
normal pressure and high speed of sliding conditions the state of lubrication of the above components is a key point 
of the reliability of the swash plate type compressor. 
 
3. EXPERIMENTAL METHOD 
 
3.1 Principle of Oil Film Thickness Measurement 
The understanding of the state of lubrication established between the swash plate and the shoe requires high-
precision measurements of the thickness of oil films. Therefore, the authors applied the optical interference method 
(Akei and Mizuhara, 1994), which was used for measurements of oil films between a flat surface and a ball steel ball. 
A method of measuring the inclination of the shoe while observing interference fringes in the light reflected by the 
glass surface and the bottom surface of the shoe and calculating the average oil film thickness by measuring the 
electric resistance between the swash plate and the shoe (Figure 3) was used. The resolution of interference fringes 
obtained by the optical interference method was λ/2 relative to the light wavelength. 
 
The above method allows measuring the thickness of the entire oil film forming between the swash plate and the 
shoe, determining the breakage of the oil film and establishing sites where the stare of lubrication becomes poorer 



















3.2 Principle of Friction Coefficient Measurement 
Noticing the fact that the energy lost due to friction between a swash plate and shoe is finally dispersed as heat, the 
authors devised a method for determining the friction coefficient from the relationship between the load acting on 
the sliding surfaces, sliding velocity, and heat released from the sliding surfaces.  The load acting on the sliding 
surfaces can be obtained from the operating conditions of the compressor, whereas the sliding velocity is determined 
by a rotational frequency of a compressor.  The calorific value of heat released from the sliding surfaces is 
calculated from the temperature difference between two points along the heat flow in the swash plate. 
 
Optical interference method 
(Measurement of shoe inclination)
Electric resistance method 







Average oil film thickness Oil film 
ShoeSwash plate
Measurement of  
electric resistance 
Figure 3: Method for measuring oil film thickness
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The newly devised friction coefficient determination method consists of the following 3steps. 
 
First:  Determining the correlation between calorific value Q and temperature difference ∆T without running 
compressor inserting a thin film heater in the sliding portion to measure the calorific value Q and 
temperature difference ∆T 
Second:  Measuring temperature difference ∆T between two points along the heat flow under compressor 
running condition, then determining the calorific value Q from the correlation obtained in first step 
Third:  Calculating friction coefficient µ from the calorific value Q obtained in second step, the compressive 
force F acting on the sliding surfaces, and sliding velocity V according to the following equation: 
 
 µ  =  Q  /  ( F · V )  (1) 
 
The newly devised method enables us to determine the friction coefficient between the swash plate and shoe of a 
compressor in operation, thereby to know the lubricating condition of a compressor under various operating 
conditions. 
 
3.3 Experimental Compressor 
The schematic diagram of the swash plate type compressor manufactured for the application of the optical 
interference method is shown in Figure 4. 
 
One surface of the swash plate with enlarged thickness was made of glass and in the gap provided in the swash plate 
a prism was installed. This structure allowed observing the zone of sliding contact between the glass surface of 
swash plate and the shoe through the through hole in the shaft from the rear of the compressor. The illumination was 
accomplished by using a white light source arranged across the prism. The optical system consisting of the prism 
and the source of light was attached to the external part of the compressor by a rod. Therefore, the optical system did 
not rotate during the rotation of the swash plate and enabled to observe continuously the oil film in the same region 
between the swash plate and the shoe during the suction and compression cycles.  
 
The glass surface on the shoe side was coated with a semitransparent chrome film having a sufficient resistance to 
the peeling off by the sputtering-assisted vapor deposition technique. As the distinctness of interference fringes 
differs with the transmittance of the semitransparent film, the shoe is placed into an airtight vessel with atmosphere 
existing in the compressor and interference fringes are analyzed by using semitransparent films with difference 
transmittance. The obtained results are used to select the transmittance of 30% at which the observed interference 
fringes are seen most distinctly. To intensify the distinctness of interference fringes, the back surface is vapor 
deposited with a no reflective film. 
 
The resolution of interference fringes is determined by the central wavelength of the interference filter. Considering 
the obtaining the resolution of below 0.5µm and the simplification of observations of interference fringes when 




Fixed rod Optical filter (λ: 685 ± 40nm)
VTR





Figure 4: Compressor structure for testing by optical interference method
 
C125, Page 4 
 
 
International Compressor Engineering Conference at Purdue, July 12-15, 2004 
 
The resolution of interference fringes is further improved to 0.2µm by improving the flatness of glass by polishing. 
The observations of interference fringes were made by using a 1000 frames/second high-speed video camera. 
 
Now, the structure allowing measuring the thickness of oil films forming between metal components from the 
electric resistance between them and measuring the average thickness of oil films forming between the swash plate 
and the shoe by the calculation method (Okata et al., 1982) is shown in Figure 5. 
 
To reduce the resistance to sliding against the cylinder, the surface of the compressor piston is provided with a 
Teflon coating of about 50µm in thickness. The coating provides the electrical insulation between the cylinder and 
the piston. Besides, in the test compressor used in the present experiments, the swash plate is insulated by glass, 
therefore, the electrical connection between the piston and the swash plate is realized only through the shoe on the 
side opposite to the glass surface. 
 
Speaking about the structure more in detail, a ring following the backward and forward movements of the piston is 
installed into the compressor and is supplied with electric current by a wire spring, the grounding of the swash plate 
being realized through a slip ring. Measured electric signals are converted by the results obtained in separately 
performed calibration tests, which enables to calculate continuously the average thickness of oil films. The electrical 
resistance of an oil film in the calibration results 20 kΩ/1µm. 
 
From the above facts it follows that the obtaining of the inclination of the shoe by the observation of interference 
fringes and the average oil film thickness by measuring the electric resistance simultaneously makes it possible to 
quantify the thickness of oil films forming between the swash plate and the shoe continuously during in the 
operation cycle.  
The swash plate type compressor used for the friction coefficient measurement test is shown in Figure 6.  Two 
thermocouples were located inside the swash plate.  The compensating lead wires of the thermocouples were passed 
through the compressor shaft and led outside the compressor via a slip ring. 
Slip ring
Thermocouple
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3.4 Cooling Cycle in Testing 
A schematic diagram of a cooling cycle in testing is shown 
in Figure 7. It is suggested that the proportion of oil supplied 
to the compressor by suction exerts a strong influence on the 
formation of an oil film forming between the swash plate 
and the shoe, therefore, in the present experiments, it is 
made possible to control the weight ratio of oil and 
refrigerant flowing during the cooling cycle (below will be 
referred to as the oil rate).  
 
Refrigerant contained in oil discharged from the 
experimental compressor is separated from oil by an oil 
separator and liquefied by using a condenser and a receiver. 
From the oil separator oil is returned by controlling the flow 
rate using the flow-regulating valve installed in the down 
flow channel of the receiver and is again admixed to 
refrigerant. Immediately after that, the flow rate of the 
mixture of oil and refrigerant circulating during the cooling 
cycle and the oil rate are measured and the amount of circulating oil is calculated. 
 
4. EXPERIMENTAL RESULTS 
 
4.1 Observations based on optical interference method 
Results obtained by observations of the oil film in the compression cycle when operating at the normal oil rate of 
5 % are shown in Figure 8 and results obtained in the compression cycle when operating at a lower oil rate 0.5 % are 
shown in Figure 9. 
 
Case of operating at oil rate 5 % (normal): 
The interference fringe spreads from the inner part to the external part with the advancement of compression cycle. 
During the first half of the compression cycle until the middle point the interference fringe assumes a circular shape 
the center of which coincides with the center of the shoe and during the second half of the cycle the center of the 
interference fringe shifts outwards in the direction of displacements of the swash plate. 
 
It follows from the observation results that oil films forming between the swash plate and the shoe continue to grow 
thinner with the advancement of compression and during the first half of the compression cycle the swash plate and 
the shoe are positioned in parallel, but during the second half of the compression stroke the shoe inclines outward 
relative to the swash plate in the direction of rotation of the swash plate and the oil film thickness outside the swash 
plate inlet becomes smaller. The reason behind the above behavior of the oil film during the second half of the 
compression cycle can be explained qualitatively as follows. 
 
The reaction force generated by the piston during the compression cycle acts on the swash plate through the shoe. 
This force is directed on the oil film formed between the swash plate and the shoe and in the second half of the 
compression cycle the reaction to the compression increases which results in a higher normal pressure acting on the 
oil film. On the other hand, during the rotation of the swash plate oil adhered to the swash plate surface is supplied 
to the zone lying between the swash plate and the shoe. Therefore, when the normal pressure is low during the first 
half of the compression cycle the oil film between the swash plate and the shoe maintains its horizontal position, but 
when the normal pressure increases the shoe inclines due to the friction between the shoe spherical surface and oil 
and since the support of the load by the oil film requires the wedging action as well the thickness of the oil film 
outside the swash plate inlet becomes smaller. 
 
Case of oil rate 0.5 %: 
Unlike good lubrication conditions occurring at the normal oil rate, the following phenomena have been observed. 
During the first half of compression cycle the interference fringe spreads from inside outwards and during the 
second half of compression stroke the spreading stops. 
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During the first half of compression, cycle the center of the interference fringe shifts in the direction of displacement 
of the swash plate and during the second half of the compression stroke the interference fringe assumes a circular 
shape the center of which coincides with the center of the shoe. 
 
It follows from the above facts that at lower oil rates the amount of oil supplied to the zone between the swash plate 
and the shoe is smaller than at the normal oil rate and as the normal pressure is low during the first half of the 
compression stroke the shoe inclines relative to the swash plate. When thereafter the normal pressure increases, the 
shoe determines the formation of oil film with minimal thickness and the swash plate and the shoe get positioned in 
parallel. 
 
4.2 Oil film thickness during compression cycle 
Figure 10 shows a change of the oil film thickness during the compression cycle at the number of revolutions 1000 
rpm, the suction pressure 0.3 MPa and the discharge pressure 1.6 MPa and the normal pressure on the sliding region 
between the swash plate and the shoe, the normal pressure on the sliding region being calculated from measurements 
of pressure in the operation chamber. 
 
Case of oil rate 5% (normal): 
From the start of compression and during the compression advancement, the normal pressure between the swash 
plate and the shoe increases and the average oil film thickness gradually grows smaller. This result conforms 
qualitatively well with results obtained by observing the oil film formation state discussed above. 
When the normal pressure starts increasing in the range of the angle of the swash plate rotation from about 30°to 
50°of, the average oil film thickness, which is 32µm at the start of compression, sharply reduces by about 15µm at a 
time and gradually grows thinner and at the upper dead point the oil film thickness reaches 6µm. The minimal oil 
film thickness at the upper dead point is maintained at 3µm, which eliminates the oil film breakage. Reasons behind 
a sharp reduction of the oil film thickness at the start of compression are as follows. 
 
The compressor used in the present experiments is provided with a double-headed piston and the shoe on both sides 
of the swash plate and the total clearance between the swash plate and the shoes on both sides is controlled to 
amount to about 40µm. The clearance is shared by the shoes located on both sides of the swash plate and its larger 
part is on the side where the process of suction proceeds and the load dose not act. Measurements of the oil film 
thickness at the start of actual compression stroke show 32µm and since the clearance is about 40µm the oil film 
thickness at the upper dead point will correspond to 6µm. 
 
At that state, the amount of oil between the swash plate and the shoe is abundant and pressure on the oil film does 
not practically develop. Therefore, when the load starts to act with the advancement of compression the oil film 
formed between the swash plate and the shoe is energetically compressed and pressure generates. The generated 
pressure acts until the load acting on the shoe is equilibrated and the thickness of oil film reduces sharply. Thereafter, 
a further increase of the load acting on the shoe results in a gradual reduction of the oil film thickness. 
 
Compression stroke
Figure 8: State of oil film at oil rate 5%
































Figure 9: State of oil film at oil rate 0.5%
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Case of oil rate 0.5%: 
Alike to the case of normal oil rate, a sharp reduction of the oil film thickness occurs in the range of angle of the 
swash plate rotation about 30°to 50°. However, after that the oil film thickness shows a gradual reduction in the case 
of normal oil rate, but at lower oil rates, the oil film thickness remains almost constantly at about 0.3µm while the 
compression advances. At the same time, in the region of minimal oil film thickness the breakage of the oil film that 
would result in the metal-to-metal contact between the swash plate and the shoe does not take place. This fact 
conforms wall to results obtained by oil film observations. 
 
Oil film thickness at upper dead point under different operation conditions: 
Experiments performed so far indicate at the development of severe lubrication conditions at the minimal oil film 
thickness at the upper dead point. Therefore, the thickness of oil films at the upper dead point are measured under 
different experimental conditions and the formed oil films are checked for the development of breakage. 
 
Considering the dependence of the minimal oil film on the oil rate under conditions of measurements used in the 
present experiments (Figure 11), it becomes clear that the minimal oil film thickness decreases with a lowering of 
the oil rate. This phenomenon can be explained by the fact that when the oil rate reduces the viscosity of lubricating 
oil dissolved in a refrigerant drops. At the normal oil rate, the minimal oil film rate changes with operation 
conditions, such as the number of revolutions, pressure and so on, but at lower oil rates, a difference in the minimal 
oil thickness caused by different operation conditions is smaller. At the oil rate as low as 0.5 %, the minimal oil 
thickness is almost constant and amounts to 0.3µm. 
 
Under experimental conditions used in the present study, the breakage of the oil film does not occur at the normal oil 
rate and even at a lower oil rate and it can be concluded that the state of lubrication between the swash plate and the 
shoes in the actual swash plate type compressor is good.  
 
4.3 Friction Coefficient between Swash Plate and Shoe 
Relationship between calorific value and temperature difference: 
We inserted a thin film heater between the swash plate and shoe without running the compressor, and measured the 
calorific value and temperature difference.  The ambient temperatures for the measurement were set at 50°C (112°F) 
and 100°C (212°F), since the swash plate is usually driven in an ambient temperature range of 50°C (112°F) to 
100°C (212°F).  The measurement results (Figure 12) show that the calorific value of the heater is proportional to 
the temperature difference at both the ambient temperatures 50°C (112°F) and 100°C (212°F). 
 
Frictional coefficient: 
The measured temperature difference in the swash plate of the compressor in operation, as well as the calculated 
calorific value and friction coefficient of the sliding surfaces are shown in Figure13.  The equation(1) was used to 
calculate a friction coefficient.  The figure shows that the friction coefficient stays within the range of 0.01 to 0.02, 
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Figure 11: Minimal oil film thickness versus oil rate
Nc = 1000r/min
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Stribeck Diagram: 
We calculated the friction coefficient between the 
swash plate and shoe under the yearly compressor 
operating conditions, and plotted the results in a 
Stribeck diagram (Figure 14).  A viscosity of the oil 
(Pa-s), a sliding velocity (m/s) and a contact pressure 
(Pa) between the swash plate and the shoe were used to 
plot the results.  As a result, the friction coefficient 
stays within the range of 0.009 to 0.02 during the year 
and this shows that the compressor is kept in a 




Methods of quantification of the thickness of oil films and the coefficient of friction between the swash plate and the 
shoe in swash plate type compressor during actual operation cycles were developed. 
The following results were obtained. 
 
• The oil film grows thinner with an increase of pressure at lower speeds of sliding and it reaches its minimal 
thickness when the piston is at the upper dead point. 
• At a lower oil rate during a cycle the oil film thickness is smaller and under test conditions used in the 
present experiments no breakage of the oil film between the shoe and the swash plate occurred in a range 
from normal oil rate 5% to low oil rate 0.5% and the state of lubrication was good. 
• The Stribeck diagram obtained from the measurement results indicates that the swash plate and shoe are 
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